Ribosome-associated Quality Control (RQC) pathways protect cells from toxicity caused by incomplete protein products resulting from translation of damaged or problematic mRNAs.
Translation is an enormous amplification step where each message is turned into hundreds of proteins. As a result, defective mRNAs that lead to incomplete and potentially toxic proteins jeopardize cell and organismal viability. Events such as premature polyadenylation, RNA damage or problematic sequences can cause ribosomes to stall irreversibly. To counter the threat posed by stalled ribosomes, cells have evolved multiple surveillance mechanisms that release the trapped ribosome, and degrade the faulty mRNA and the partially synthesized peptide (1) (2) (3) . The release and subsequent proteasomal degradation of the incomplete polypeptide is mediated by the evolutionarily conserved Ribosome-associated Quality Control (RQC) pathway. Mutations of key RQC components have been associated with stress at the cellular level, and neurodegeneration at the organismal level (4) (5) (6) (7) (8) , further emphasizing the importance of RQC for maintaining protein homeostasis in higher eukaryotes. Given the toxicity of partially synthesized proteins, it is possible that multiple layers of regulation exist to prevent, detect, and cope with ribosome stalling. However, our understanding of how RQC cooperates with other pathways governing protein homeostasis is incomplete.
To systematically explore how mammalian cells cope with ribosome stalling, we designed a mammalian RQC reporter that contains an open-reading frame encoding for the green fluorescent protein, but no stop codon (GFPNon-stop). Incomplete proteins generated from such messages are model substrates for RQC-mediated degradation in yeast (1) but have not been studied in mammals. Upstream of the GFP, the reporter encodes BFP separated by a T2A ribosome skipping sequence ( Fig. 1A) , which serves as an expression control. Since messages lacking a stop codon are rapidly degraded by the exosome (9) we introduced a triple helix derived from the MALAT1 non-coding RNA at the 3' end to stabilize the message (10) . When a ribosome engages the reporter, it will constitutively synthesize and release the BFP independent of stalling. Since the encoded GFP lacks a stop codon, translation through the GFP to the end of the message (Fig. S1A ) causes ribosome stalling and subsequent degradation of the GFP nascent polypeptide via the RQC pathway. Wild type cells accumulate BFP, but not GFP, resulting in a substantial decrease (~ 100 fold) in the GFP/BFP ratio for the GFPNon-stop reporter compared to two control reporters that contain either a stop codon before the Malat1 sequence (GFPStop ), or a stop codon and a canonical polyA tail (GFPPolyA) (Fig. 1A, B ). Knockdown of a core RQC component, NEMF, led to the stabilization of GFP (Fig. 1C, Fig. S1B ), confirming the role of mammalian NEMF in degradation of nascent polypeptides resulting from non-stop decay mRNAs (11) .
We next used the GFPNon-stop reporter in a FACS-based genome-wide CRISPRi screen to gain a comprehensive view of mechanisms that cells have for minimizing accumulation of nascent polypeptides resulting from mRNAs lacking a stop codon. Specifically, we infected our reporter cell line with sgRNAs targeting each known open reading frame and used FACS followed by deep sequencing of the sgRNAs to identify genes which upon knockdown lead to accumulation of the non-stop reporter (Fig. 1D , E). As expected, the vast majority of known components from each stage of the RQC pathway (stall detection, ribosome splitting, nascent chain extraction, mRNA and peptide degradation) were among the top hits ( Fig. 1E , F, S1C, D).
In addition to factors previously implicated in the RQC pathway, the screen yielded several genes with no known RQC-related function. To differentiate between factors that allow mammalian cells to cope with stalled ribosomes as part of RQC from components of parallel proteostasis pathways, we complemented our reporter-based screen with a growth-based CRISPRi screen to search for components that have synergistic growth defects in combination with loss of NEMF. This idea was motivated by recent findings that the NEMF homolog in bacteria (RqcH) has a synergistic interaction with the tmRNA/ ssrA pathway which helps dispose of incomplete translation products (12) . We took advantage of the growth defect caused by NEMF depletion (Fig. S2A ) and conducted a genome-wide screen in a compromised RQC background ( Fig. 2A, S2B ). We expect that depletion of RQC components will have similar effect alone or in combination with NEMF knockdown (buffering interaction) ( Fig. S2C ). On the other hand, disruption of pathways that work in parallel with RQC to degrade failed translation products are expected to exacerbate the growth phenotype caused by loss of NEMF (synergistic interaction).
Two genes stood out as having both a strong synergistic interaction with loss of NEMF and stabilizing effect on the RQC reporter upon knockdown ( Fig. 2B ); PATL1 and GIGYF2. PATL1 is a characterized scaffold protein that bridges mRNA decapping and deadenylation (13) .
Stabilization of damaged mRNAs could explain both the increased levels of stalled nascent polypeptides and the synergistic growth interaction with NEMF knockdown, which disposes of incomplete protein products of such damaged mRNAs. We focused our attention on the second factor, GIGYF2, which has not been previously implicated in the cellular response to damaged messages. Overexpression studies of tagged GIGYF2 have shown that it interacts with the inhibitory cap-binding protein 4EHP (14) and the ubiquitin ligase ZNF598 (15) , which is responsible for detecting ribosome collisions and targeting stalled ribosomes to RQC (16, 17) .
We confirmed that these three factors form a complex by both mass spectrometry of ZNF598 associated factors ( Fig. S3 ) and immunoprecipitation followed by western blot of endogenously tagged GIGYF2 (18) (Fig. 2C ).
The screen results suggest that GIGYF2 and 4EHP function in parallel to the RQC pathway to alleviate the stalling burden in cells. To test this hypothesis, we measured the growth defect of cells expressing sgRNAs targeting NEMF and GIGYF2 alone or in combination ( Fig. 2D, S4A ).
Consistent with the genetic interaction (GI) screen results, the moderate growth phenotype imparted by knocking-down NEMF was exacerbated in combination with GIGYF2 knockdown ( Fig. 2D) . Similarly, 4EHP knockdown also had a synergistic interaction with NEMF knockdown, suggesting that GIGYF2 and 4EHP work in parallel to NEMF ( Fig. 2E ). In addition, ZNF598 knockdown had buffering interactions with GIGYF2 ( Fig. 2E, S4B ) consistent with the data that these three proteins form a complex and work together in the same pathway.
Previous studies have shown that recruitment of GIGYF2 to a reporter mRNA results in translational repression (15, 19) . It has been hypothesized that GIGYF2 requires an adapter protein to be efficiently brought to its target mRNA, although the endogenous substrates and recruitment factors remain incompletely characterized. Our genetic and biochemical studies support a model where GIGYF2 and 4EHP are recruited to messages harboring stalled ribosomes by ZNF598, which ultimately leads to translational silencing of the mRNA. To test this model, we used the GFPNon-stop fluorescent reporter and compared the levels of BFP, which is released before stalling and is, therefore, a readout of the reporter expression levels, and GFP, which is degraded due to ribosome stalling. Unlike knockdown of RQC factors which stabilize only GFP, GIGYF2 and 4EHP knockdown increased both fluorescent signals (Fig. 3A ). This effect was not confounded by changes in the mRNA levels ( Fig. 3B ), confirming that GIGYF2 and 4EHP are translational inhibitors. To directly measure the changes in ribosome occupancy on our GFPNonstop stalling reporter, we performed ribosome profiling. Consistent with the fluorescent reporter assay, the translation efficiency of the reporter was increased in both GIGYF2 and 4EHP knockdown cell lines ( Fig. S5A, B ). Additionally, inhibiting the proteasome further stabilized the GFPNon-stop in the GIGYF2, 4EHP and ZNF598 knockdown cells lines, but not in NEMF knockdown cell lines consistent with the role of NEMF in UPS-mediated nascent chain degradation ( Fig. 3C ). This result indicates that the observed increase in fluorescence upon GIGYF2 and 4EHP knockdown is not caused by nascent chain stabilization, but by increased ribosome engagement, and that the partially synthesized polypeptide is still targeted for degradation by RQC.
To ensure that the observed translational effect was specific to faulty mRNAs, and not due to global changes in protein production, we used a second set of reporters with bidirectional promoters. One promoter drives GFP with a canonical stop codon and polyA tail, and the other drives a non-stop reporter (RFPNon-stop) or a control fluorescent protein (RFPStop) on a separate mRNA. Knockdown of NEMF, GIGYF2, and 4EHP increased the RFP/GFP ratio for RFPNon-stop, but not RFPStop ( Fig 3D) . These knockdowns did not have a global effect on translation as the GFP levels were unchanged ( Fig S5C) . This effect was not due to changes in mRNA levels ( Fig   S5D) , consistent with the above GFPNon-stop reporter. In addition, a double knockdown of NEMF and GIGYF2 increased the RFP/GFP ratio to a greater extent than either single knockdown, further suggesting that these factors are components of two parallel pathways coping with ribosome stalling (Fig. 3D ). We confirmed that the observed translational silencing does not depend on the type of stall by measuring the effect of GIGYF2 and 4EHP knockdown on previously characterized No-Go reporter, containing a stretch of 20 AAA codons as a stalling sequence (K20) (20) . Similar to the GFPNon-stop reporter, knocking-down GIGYF2 and 4EHP led to an increase in both GFP and BFP fluorescence levels ( Fig. 3E ), without a change in mRNA levels ( Fig. 3F ).
We next explored whether GIGYF2 and/or 4EHP played a role in ribosome quality control in yeast. BLAST (21) search identified two homologs of GIGYF2 in yeast (Smy2p and Syh1p), and no clear candidate for a 4EHP homolog. To determine if Smy2p and Syh1p play a role in preventing accumulation of incomplete polypeptides, we utilized a previously characterized yeast stalling reporter (22) . This reporter expresses a no-go substrate and a control fluorescent protein from a bidirectional promoter. The stalling substrate encodes GFP separated by a T2A ribosome skipping sequence from HIS3 gene containing an internal stretch of non-optimal codons (CGA12). As a control, we used a similar reporter without the CGA12 stalling sequence.
We compared the protein levels by flow cytometry and found that knockout of SMY2 and SYH1 alone led to a partial increase in the GFP/RFP ratio ( Fig. 3G ). Deleting both homologs led to a greater increase in GFP/RFP compared to the single deletes, suggesting that Smy2p and Syh1p have redundant function. This redundancy could account for the lack of identification of these factors in the early RQC screens. In contrast to the mammalian system, the increased expression of the reporter was accompanied by mRNA stabilization (Fig. 3H ). These data suggest that the role GIGYF2-like proteins play in ribosome associated quality control preceded the last common ancestor of yeast and mammals. However, the output of this response in yeast is primarily destabilization of the faulty mRNA consistent with the apparent lack of a yeast homolog of 4EHP which is an essential part of the mechanism of translation inhibition in mammals.
Alternatively, Smy2p/Syh1p may mediate translational repression in yeast, which then leads to secondary mRNA decay.
Our genetic and biochemical data suggest that mammalian GIGYF2 and 4EHP can be recruited to problematic messages by the ubiquitin ligase ZNF598 (20, 23) ( Fig. 4A ). To explore this hypothesis, we used an MS2-based system to tether ZNF598, GIGYF2, or 4EHP to a reporter mRNA (24) . We transiently co-expressed a non-stalling reporter (GFPMS2-stop) harboring three MS2 stem-loops in its 5' UTR together with MS2 binding protein (MS2BP) fusions in HEK293T cells. Consistent with published data, recruitment of GIGYF2 or 4EHP to the reporter led to inhibition of translation initiation (19) , as evidenced by the robust decrease in GFP fluorescence without significant changes in the mRNA levels ( Fig. 4B, Fig. S6A ). Additionally, recruitment of ZNF598 to the reporter induced similar translational silencing. The translation level was not strongly affected by MS2BP recruitment alone, or overexpression of a FLAG-tagged GIGYF2 protein that does not get recruited to the reporter (Fig. S6B, C) , indicating that the observed translational silencing was specific for the tethering of the factors to the mRNA.
To explore the genetic requirements for translation inhibition, we generated stable cell lines expressing an MS2-fusion protein, as well as GFPMS2-stop reporter, and CRISPRi machinery ( Fig.   4C , S6D, E). We used CRISPRi to knock-down ZNF598, GIGYF2, or 4EHP ( Fig. S7A -C) and measured the effect of the knockdown on translational inhibition via flow cytometry. We found that the decrease in GFP fluorescence caused by MS2-ZNF598 recruitment was alleviated in cells lacking GIGYF2 or 4EHP (Fig. 4D, S7D ). Lower expression of the MS2BP-GIGYF2 fusion protein in K562 cells resulted in an attenuated repression phenotype compared to HEK293T (Fig. S6E) . Nonetheless, the GIGYF2-mediated repression depended on 4EHP.
Similarly, 4EHP-mediated repression depended on GIGYF2, suggesting that these two factors act together to mediate translation inhibition ( Fig. 4D , S7E, F). By contrast, neither silencing by GIGYF2, nor by 4EHP were impacted by knockdown of ZNF598 when these factors were directly recruited to the mRNA, indicating that GIGYF2 and 4EHP work downstream of ZNF598. These epistasis experiments support a model where ZNF598 serves as a scaffold that could recruit GIGYF2 and 4EHP to faulty mRNAs.
ZNF598 recognizes collided stalled ribosomes and ubiquitinates the small subunit of the ribosome, which triggers ribosome splitting and subsequent RQC complex engagement (16, 25) .
We next tested whether ZNF598-mediated ubiquitination is required for recruitment of GIGYF2 and 4EHP to the mRNA. We generated ubiquitination-deficient MS2BP-ZNF598 fusion proteins that harbored inactivating mutations in the RING domain (C29A) or deletions of the entire domain (ΔRING) and compared their ability to translationally silence the GFPMS2-stop reporter (23) . Surprisingly, both mutants were capable of repressing translation (Fig. 4E, S8A ).
Recruitment of a stably integrated MS2BP-ZNF598ΔRING also repressed translation in a GIGYF2 and 4EHP-dependent manner matching the wildtype ZNF598 recruitment. (Fig. 4F,   S8B ). These data suggest that ZNF598 has a dual function when it engages collided ribosomes. It serves as a ubiquitin ligase that mono-ubiquitinates the 40S small subunit, triggering release of the stalled ribosome and subsequent RQC engagement, and nascent polypeptide degradation (16, 23) . In addition, ZNF598 also serves as a scaffold that recruits GIGYF2 and 4EHP to the mRNA, in a ubiquitination independent manner. Once recruited, GIGYF2 and 4EHP sequester the mRNA cap, blocking ribosome initiation, and decreasing the translational load on problematic messages ( Fig. 4G ). However, the translation inhibition phenotype of ZNF598 knockdown is consistently weaker than GIGYF2 knockdown (Fig. 3A) . Additionally, the double GIGYF2 and ZNF598 knockdown inhibits translation to a similar level as GIGYF2 alone. Taken together, these data suggest that there are both ZNF598-dependent and ZNF598-independent mechanisms for recruitment of GIGYF2 and 4EHP to mediate translation inhibition on defective messages (Fig. 4G) .
The cell faces an inherent challenge in detecting problematic mRNAs in that it is only through the act of translation itself that the lesion can be recognized. Our work reveals a novel mechanism in which failed translation leads to inhibition of further translation initiation on that message. This pathway acts in parallel with previously described quality control pathways, which trigger mRNA degradation, ribosome release, and proteasomal degradation of the stalled nascent polypeptide. Without a mechanism to block further initiation on problematic messages, translation of faulty mRNAs would continue for as long as the message persists. GIGYF2 and 4EHP enable the cell to break this cycle by allowing a failed translation event to initiate a specific negative feedback loop which shuts down further translation of the message. Although GIGYF2 and 4EHP have been implicated in translational control in a number of different settings (14, 15, 19, 26, 27) , our data argue that faulty mRNAs that cause ribosome stalling comprise an important subset of endogenous substrates for GIGYF2 and 4EHP mediated repression. Indeed, we see loss of GIGYF2 stabilizes two distinct classes of stalling reporters.
Moreover, knocking down GIGYF2 in combination with RQC components had a strong synergistic growth interaction in the absence of a reporter, suggesting that there is a continuous production of endogenous stalling substrates. Loss of GIGYF2 has been associated with neurodegenerative and neurodevelopmental phenotypes (28, 29) , similar to loss of RQC components (30) . It is tempting to speculate that dysregulation of the GIGYF2/4EHP pathway increases the burden on the proteostasis network in neurons leading to cell stress and/or death. The cells were maintained in spinner flasks by daily dilution to 0.5 • 10 6 cells /mL at an average coverage of greater than 1000 cells per sgRNA for the duration of the screen.
Figure Legends

FACS based screen
Cells were sorted using BD FACS Aria2 2 days after recovery based on GFP fluorescence of GFPNon-stop reporter. Cells with the highest (~30%) and lowest (~30%) GFP expression were collected and frozen after collection. Approximately 30 million cells were collected per group.
Genomic DNA was isolated from frozen cells, and the sgRNA-encoded regions were enriched, amplified, and prepared for sequencing as described previously (Gilbert et al., 2014) .
Growth based Screen
Prior to CRISPRi-v2 library infection, K562 CRISPRi cells were infected with control sgRNA or sgRNA targeting NEMF that expressed RFP as a marker. RFP positive cells were sorted on a BD FACSAria2.
Sequencing reads were aligned to the CRISPRi v2 library sequences, counted, and quantified using the Python-based ScreenProcessing pipeline Internally controlled growth assays: sgRNA and double sgRNA growth phenotypes were performed by transducing cells with sgRNA expression constructs (mU6-sgRNA1 hU6-sgRNA2-puro-t2a-mCherry) at MOI < 1 (15 -30% infected cells). The fraction of sgRNA-expressing cells was measured from 4-16 days after infection by flow cytometry on an LSR-II (BD Biosciences). A population of infected cells was selected to purity with puromycin (1 mg/mL), allowed to recover for 1 day, and harvested for measurement of mRNA levels by RT-qPCR (see below). Experiments were performed in duplicate from the infection step. The expected double phenotype score was calculated by adding the phenotype of both genes on day 16. Epistasis was measured by subtracting the expected phenotype from the measured phenotype of those combined knockdowns.
Ribosome Profiling:
K562-dCas9 cell line stably expressing GFPNon-stop was infected with lenti vectors containing a guide RNA against one gene or non-targeting guide RNA (Table 2 ). Cells were selected using FACS to recover cells containing sgRNA (labeled with RFP). Cyclohexamide was added (100mg/ul) to the cells and they were incubated for 5 minutes at 37 °C and then pelleted at 400g for 5 minutes. Media was removed and cell pellets were immediately snap frozen. Libraries were prepared according to McGlincy and Ingolia, Methods, 2017.
RNA sequencing:
RNA was extracted using Zymo mini RNA prep (R2053) and libraries were cloned using Illumnia true stranded total RNA seq kit (20020596).
Ribosome profiling and RNAseq analysis:
Ribosome profiling and RNA-seq libraries were sequenced on an Illumina HiSeq 4000 as single end 50-bp reads (UCSF Center for Advanced Technology) at a depth of 22-64 million reads per library. Ribosome profiling reads were processed by removing 3' linker sequences using FASTX clipper and de-multiplexed using FASTX barcode splitter (http://hannonlab.cshl.edu/fastx_toolkit/). Sample barcodes and unique molecular identifiers were trimmed using a custom Python script. Next, abundant reads were filtered by aligning to a custom library of human rRNAs, tRNAs, and primer sequences using bowtie v1.2 (http://bowtiebio.sourceforge.net/). All remaining reads were aligned to a modified human genome (GRCh38.92 with addition of our CRISPRi construct and the GFPNon-stop) using tophat v2.1.1 (https://ccb.jhu.edu/software/tophat/; relevant parameters: --read-mismatches=1 and --no-noveljuncs). After alignment, uniquely mapping reads were extracted, and plastid (https://plastid.readthedocs.io) was used to obtain gene-level read counts and normalized counts, reads per kilobase per million mapped reads (RPKM). To assign reads to genomic positions, a psite offset of 12 nucleotides was determined by calculating the average distance of the start codon peak from the start codon (plastid psite). To assess the quality of the ribosome profiling data, we confirmed that the aligned reads displayed the expected three nucleotide periodicity (phasing) and that the majority of ribosome footprints had a length of 28-31 bp for all libraries.
We also confirmed that the CRISPRi system produced robust target knockdown on the day of the experiment at the level of ribosome footprints (knockdown of target genes >88% for all genes).
The RNA-seq libraries were processed using the same pipeline as the ribosome profiling libraries, with the exception that tophat was run with -read-mismatches=2 due to the longer RNAseq read length. All downstream analyses were performed using the Python libraries pandas, plastid, matplotlib, seaborn, numpy, and scipy.
For Figure S1A , footprints from K562 CRISPRi cells bearing non-targeting sgRNA are plotted as reads per million. Here, we plotted all aligned reads rather than uniquely aligned reads to visualize read density in the GFPNon-stop MALAT1 triple helix, which is identical to the endogenous MALAT1 lncRNA. To confirm that the reads aligning to the MALAT1 triple helix in the GFPNon-stop are not derived from the endogenous MALAT1 lncRNA, we performed ribosome profiling in a K562 CRISPRi cell line without the GFPNon-stop reporter. Here, we found that the endogenous MALAT1 background rate was <10% of the GFPNon-stop footprints in the MALAT1 triple helix, suggesting that the GFPNon-stop triple helix is indeed translated. For Figure   S5A 
